To establish an analytical method for phenolic compounds in foodstuffs and tissue samples, we determined five simple polyphenols, five tea polyphenols and five isoflavones using high performance liquid chromatography equipped with a coulometric array detector. When simple polyphenols were detected with eight coulometric array detectors at 350 to 700 mV, trihydroxyphenols gave the highest signal at 350 mV, o-and p-diphenols at 400 mV, and m-diphenol at 700 mV. In tea polyphenols with m-diphenolic A ring and di-or triphenolic B ring, strong signals were detected at 400 and 700 mV. In isoflavone aglycons having monophenolic or m-diphenolic A ring, monophenolic B ring, and C ring with 4-carbonyl group, a strong signal was observed at 500 or 550 mV and at 700 mV. However, equol without 4-carbonyl group gave a single peak at 650 mV. These results suggest that the signal at 350-400 mV is due to the conjugated OH groups present in o-or p-derivative, the signal at 500-550 mV is due to the 4-carbonyl group and the signal at 700 mV to isolated OH groups present in monophenols or m-diphenols.
Various phenolic compounds are present in foodstuffs and epidemiological studies have suggested that the ingestion of phenolic antioxidants reduces the incidence of various diseases (Stenvold et al., 1992; Gao et al., 1994; Messina et al., 1994; Adlercreutz & Mazur, 1997; Scalber & Williamson, 2000) . Phenolic compounds have also been reported to have various in vitro activities: anti-oxidative (Ho et al., 1992; Hodgson et al., 1996) , anti-bacterial (Ikigai et al., 1993) , anti-viral (Nakayama et al., 1994) , anti-cancer (Agarwal et al., 1992; Andreas et al., 1998; Han et al., 2001) , anti-estrogenic (Han et al., 2001) and antiallergic (Matsuo et al., 1996 (Matsuo et al., , 1997 Yamada et al., 1999a Yamada et al., , 1999b . It was also shown that oral administration of tea polyphenols in Wistar rats induced the reduction of leukotriene B 4 producing activity of peritoneal exudate cells (Matsuo et al., 2000) . These results suggest that polyphenols in foodstuffs are absorbed in our body and exert a biological effect. Thus, it is important to determine their contents in foodstuffs and biological samples to understand the mechanism of their biological effect expression.
Various detectors have been used to determine phenolic compounds. Among them, development of a coulometric array system with multiple cells enabled us to obtain information on potential dependency of chemicals, in addition to retention time (Gamache & Acworth, 1998) . It made it easier to distinguish an object even in the presence of contaminating substances with a similar retention time. Such distinguishing ability of the detector was very useful in the detection of phenolic compounds present in crude samples such as plasma, tissue extracts and urine (Gam-ache & Acworth, 1998) . In the present study, we analyzed simple polyphenols, tea polyphenols and isoflavones using a high-performance liquid chromatography (HPLC) system equipped with a coulometric array detector, to learn the voltage dependency of these compounds.
These mobile solutions were degassed and filtered with a 0.45 m nitrocellulose filter (Millipore Co., Bedford, MA) before use. Isoflavones were dissolved in methanol and other polyphenols in the starting buffer, an 80 : 20 mixture of solutions A and B. The sample solution was diluted with the starting buffer and 50 l each of the diluted samples was applied to the HPLC column. Samples were maintained at 4˚C in the autosampler until separation, and then separated with a flow rate 0.6 ml/min and column temperature at 30˚C.
Electrode potentials of the detector electrode were 350 to 700 mV, with a 50 mV interval. System control, data acquisition and analysis were performed with the appended CoulArray software on a Pentium-based computer. The signal from each electrode was handled by the appended data analysis software to obtain multi-channel profiles. Calibration curves were obtained by plotting the peak height at the electrode potential where a maximum response was obtained against sample concentration. The detection limit for each sample was calculated from the concentration giving a signal-noise ratio of 3 : 1, according to the method of Mullner and Sontag (1998) .
Results
Simple polyphenols We first studied the determination of the simple polyphenols catechol, resorcinol, hydroquinone, pyrogallol and gallic acid using the coulometric array system. Figure  1 shows the eight-channel chromatograms of these compounds. Retention times of these compounds were 2.82 min in gallic acid, 3.82 min in hydroquinone, 4.07 min in pyrogallol, 5.38 min Fig. 1 . Fractionation of simple polyphenols and detection with an eight-channel coulometric array detector. A mixture of polyphenol samples (1 g/ml each) was applied to the HPLC system and detected with a coulometric array detector at electric potentials described in the figure.
Fig. 2.
Voltage dependency of peak height and calibration curves of simple polyphenols. A mixture of polyphenol samples (10 g/ml each) was applied to the HPLC system and voltage dependency of peak height of each polyphenol was plotted (A). Then, calibration curve of each polyphenol was drawn at 350 mV for gallic acid and pyrogallol, at 400 mV for catechol and hydroquinone and at 700 mV for resorcinol (B). in resorcinol and 7.10 min in catechol, respectively.
Peak heights of the compounds were highly dependent on detection potential. As shown in Fig. 2A , the trihydroxy compounds pyrogallol and gallic acid gave the highest peak at 350 mV. In dihydroxy compounds, hydroquinone and catechol gave the highest peak at 400 mV, while resorcinol at 700 mV. As shown in Fig. 2B , a linear relationship between peak height and sample concentration was observed at the concentrations between 10 to 1000 ng/ml. Though triphenolic compounds gave the strongest signal at 350 mV, calibration curves at 400 mV are also useful for the detection of these compounds, as well as for oand p -diphenols. On the other hand, m -diphenol should be detected at voltages higher than 600 mV to determine them efficiently.
Tea polyphenols As shown in Fig. 3 , five tea polyphenols gave different retention times: 4.63 min in EGC, 5.31 min in catechin, 6.59 min in EGCg, 8.16 min in EC and 13.9 min in ECg. Catechin and EC have m -diphenolic A ring and o -diphenolic B ring. Thus, these compounds gave a weak peak at 400 mV and a strong signal at 700 mV, as shown in Fig. 4A . Though EGC has m -diphenolic A ring and triphenolic B ring, it showed a similar voltage dependency as EC. EGCg is a gallic acid ester of EGC esterified at C-3 OH group. In this case, a strong peak was detected at 550 mV. However, the gallic acid ester of EC, ECg had no peak at 550 mV and the signal was weak at all detection voltages. Since signal intensity was highest at 700 mV in these tea polyphenols, calibration curves were depicted at 700 mV. As shown in Fig. 4B , signal intensity decreased in the order of catechin, EC, EGCg, EGC and ECg at 700 mV. Linear calibration curves were obtained in tea polyphenols at concentrations between 10 to 1000 ng/ml.
Soy isoflavones The soy isoflavones daidzein and genistein have been reported to exert various biological effects and to be present in a glycosylated form: daidzin and genistin. In addition, daidzein is metabolized to equol in our body. Thus, detection of these compounds was studied to estimate isoflavone content in foodstuffs and in tissue samples.
As shown in Fig. 5 , all isoflavones including glycosides were detectable under this analytical condition. Retention times of these compounds were 12.43 min in daidzin, 20.02 min in genis- Fig. 3 . Fractionation of tea polyphenols and detection with an eight-channel coulometric array detector. A mixture of polyphenol samples (10 g/ml each) was applied to the HPLC system and detected with a coulometric array detector at the same electric potentials as Fig. 1 . The figure shows the result at 700 mV. Fig. 4 . Voltage dependency of peak height and calibration curves of tea polyphenols. A mixture of tea polyphenols (10 g/ml each) was applied to the HPLC system and voltage dependency of peak height of each polyphenol was plotted (A). The calibration curve of each polyphenol was then drawn at 700 mV (B). Daidzin and genistin were glycosidated at 7-OH of the A ring. As shown in Fig. 6A , genistein gave a peak at 500 mV and gave the highest peak at 700 mV, while daidzein gave a peak at 550 mV and the highest peak at 700 mV. In contrast, equol gave a single peak at 650 mV. In glycosides, a significant decrease in signal intensity was observed and the decrease was more remarkable in daidzin than in genistin. As shown in Fig. 6B , calibration curves of these isoflavones can be drawn at 650 mV for equol and 700 mV for others with the highest efficiency. Since the signal intensity of equol was decreased markedly at 700 mV, measurement at 650 mV is desirable for the determination of these isoflavones.
Discussion
Various solvents have been used for HPLC analysis of phenolic compounds. Ishii et al. (1994) used a mobile solution composed of acetonitril-water and methanol-water for the analysis of flavonoids using a reversed-phase chromatography. Lin et al. (1998) used the mobile solution composed of formic acid-water and methanol-water for the analysis of tea catechins, and Peyrat-Maillard et al. (2000) used a 10% acetic acid aqueous solution for the analysis of phenolic compounds. We showed here that the solvent composed of acetonitril-water and methanol-water was applicable for the analysis of simple polyphenols, tea polyphenols and isoflavones.
The couloarray detector used here gave electrodynamic information on phenolic compounds. We found that o -and p -diphenols gave a strong signal at 350 or 400 mV, as well as trihydroxyphenols containing o -diphenolic structure, while m -diphenol gave a strong signal at 700 mV. Since the monophenolic compounds daidzein and equol gave a strong signal at 650 or 700 mV, the signal at around 700 mV may be due to isolated phenolic OH groups observed in monophenols or m -diphenols. On the contrary, o -and p -diphenols with conjugated OH groups gave a strong signal at 350-400 mV. Such conjugated OH groups are easily oxidized and exert antioxidative activity (Yamada et al. , 1993 (Yamada et al. , , 1999b . Suppression of lipid peroxidation by phenolic compounds leads to the suppression of leukotriene synthesis (Yamada et al. , 1999a) . In addition, trihydroxyphenols exert cancer cell-specific toxicity (Mitsui et al. , 1995) and histamine release-suppressing activity (Matsuo et al. , 1996) stronger than dihydroxyphenols. These results suggest that detection at 350-400 mV is useful for determination of biologically active polyphenols.
In the case of tea polyphenols with m -diphenolic A ring and odiphenolic or triphenolic B ring, a strong signal was detected at 400 mV (probably due to B ring), and at 700 mV (probably due to isolated OH groups), with a shoulder at 600 mV. In gallic acid esters, EGCg gave a strong signal at 550 mV, but ECg did not. EGCg is the most abundant tea polyphenol in green tea and usually exerts the strongest biological activity (Mitsui et al. , 1995; Matsuo et al. , 1996) . The unique signal at 500 mV suggests that EGCg has a specific structure which ECg cannot form.
The signal at 350-400 mV is negligible in isoflavones, since they have no conjugated OH groups; on the other hand, they gave a strong signal at 500 or 550 mV as well as at 700 mV, probably due to isolated OH groups. These compounds have carbonyl group at C-4 position and the peak could not be distinguished in equol which has no 4-carbonyl group. The 4-carbonyl group exerts metal-chelating activity in cooperation with C-3 OH or A-5 OH groups (Afanas'ev et al. , 1989) and is related to the expression of strong suppression of leukotriene synthesis (Yamada et al. , 1999b) . These results suggest that the signal at 500-550 mV in isoflavones is due to C-4 carbonyl group. Flavones and flavonols also have C-4 carbonyl group and exert an anti-allergic effect (Yamada et al. , 1999b) . Thus, detection at 500-550 mV may be useful for the determination of biologically active flavonoids.
As discussed above, information on the voltage dependency of phenolic compounds is useful for the estimation of their biological activity, as well as for identification of these compounds. To clarify the biological activity of phenolic compounds, further studies on their electrodynamic character is necessary. Fig. 6 . Voltage dependency of peak height and calibration curves of isoflavones. A mixture of isoflavones (10 g/ml each) was applied to the HPLC system and voltage dependency of peak height of each polyphenol was plotted (A). Then, calibration curve of each polyphenol was drawn at 650 mV for equol and at 700 mV for daidzein, genistein, daidzin and genistin (B).
